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A B S T R A C T

Accumulation of chemotherapeutic agents in the tumor tissue while reducing adverse effects and drug resistance
are among the major goals in cancer therapy. Among nanocarriers, liposomes have been found to be more
effective in the passive targeting of cancer cells. A promising recent development in targeted drug delivery is the
use of aptamer-functionalized liposomes for cancer therapy. Aptamer-targeted liposomes have enhanced uptake
in tumor cells as shown in vitro and in vivo. Here, we discuss the aptamer-functionalized liposome platforms and
review functionalization approaches as well as the factors affecting antitumor efficiency of aptamer-targeted
liposomal systems. Finally, we provide a comprehensive overview of aptamer-targeted liposomes based on the
molecular targets on the surface of cancer cells.

1. Introduction

Designing selective delivery systems in cancer treatment is an up-
ward trend in pharmaceutical technology. Most cancer therapeutic
agents have a narrow therapeutic index and a wide off-target toxicity
[1]. Hence, selective targeting to the tumor site is a crucial factor to
improve therapeutic efficacy and minimize the adverse effects of anti-
cancer agents. Employing nanoparticles as delivery systems has been
the subject of extensive research during the past decades [2,3]. Nano-
particles can be engineered to transport and release drugs in the vicinity
of target cells. Liposomes are one of the most widely used nanoparticles
for the delivery of anti-cancer agents owing to their promising char-
acteristics such as high biocompatibility, low toxicity, lack of im-
munogenicity, high stability and high drug loading efficiency [4,5].
Liposomes were first described by Bangham and colleagues in the 1960s
[6]. They are microscopic lipid bilayers consisting of an aqueous core
which are able to carry either hydrophilic or hydrophobic drugs [7].
The first FDA-approved liposomal formulation was PEGylated lipo-
somal doxorubicin, Doxil®, which is indicated for the treatment of solid
tumors. Encapsulation of doxorubicin in PEGylated liposomes improves
pharmacokinetic profile of doxorubicin [8]. Liposomal encapsulation
increases the half-life and delays the clearance of doxorubicin. More-
over, cardiotoxicity of the liposomal formulation is less than the free
drug [9]. Liposomal formulations of cisplatin, daunorubicin, cytarabine

and vincristine are other examples of liposomal products approved for
cancer therapy [10]. All these liposomal formulations deliver their
cargo to the tumor site by the "enhanced permeability and retention"
(EPR) effect mechanism. The discovery of EPR in solid tumors is con-
sidered as a landmark advance that has enabled fabrication of nano-
particulate delivery systems for cancer therapy [11]. The mechanism of
EPR effect has been discussed in details extensively [12–14]. Two
parameters are crucial in the tumor accumulation of liposomal for-
mulations: properties of tumor microenvironment and physicochemical
characteristics of liposomes. Passive targeting is based on the body's
natural response to physicochemical characteristics of the delivery
system [1]. While passive targeting has literally improved pharmaco-
kinetic properties of chemotherapeutic agents, it has also introduced
new challenges to the treatment process. Taking Doxil® as an example,
although tumor accumulation of doxorubicin is improved, only a
modest increase in treatment efficacy can be observed [15–20]. This
challenge also applies to liposomal formulations of other chemother-
apeutic agents such as cisplatin [21]. Furthermore, the slow release of
drug from liposome can lead to drug resistance [15]. It has been re-
ported that sterically stabilized liposomes are not effective formulations
for the treatment of many cancers like sarcoma, non-small cell lung
cancer or hepatoma [22]. In spite of reduced cardiotoxicity of doxor-
ubicin, studies have shown that the use of Doxil® can lead to new-
fangled side effects including hand-foot syndrome, myelosuppression
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and mucositis, which could be consequences of the slow release of the
encapsulated drug [23,24]. In addition, employing passive targeting is
not an effective strategy for anti-cancer drug delivery in hypovascular
tissues such as prostate, pancreas and liver tumors [25–27]. Finally,
compelling evidence suggests that the release of encapsulated agents
from stealth liposomes in tumor interstitium and cellular uptake of the
released drug are the main challenges of passive targeting [1,12].
Considering the aforementioned limitations, there is a growing interest
in elaborating novel types of liposomes with improved characteristics in
terms of controlled drug release and therapeutic efficacy, including pH/
temperature/photo-sensitive liposomes, magnetic/ultrasound re-
sponsive liposomes and ligand-targeted liposomes [6]. The most widely
used strategy is based on the use of specific ligands that exhibit a high
affinity for tumor cells while having no or low affinity for normal cells
[28]. Conjugation of specific ligands to liposomes enhances tumor ac-
cumulation and internalization of encapsulated drugs. Antibodies, an-
tibody fragments, peptides, nucleic acids and small molecules are var-
ious ligands that have been employed for this purpose [29]. Among
these ligands, aptamers are considered as a promising candidate with
unique features for targeted delivery [30,31].

Aptamers are short, synthetic and single-stranded DNA or RNA
molecules that can bind to their target with a high affinity and speci-
ficity [32]. Systematic evolution of ligands by exponential enrichment
(SELEX) is a process which identifies aptamers from a random nucleic
acid library [32]. Aptamers have several unique properties including
small size, simple synthesis process, low immunogenicity, high affinity
and target selectivity and stability across a wide range of physico-
chemical conditions. Furthermore, the production process of aptamers
is performed out of the biological systems which reduces the risk of
viral or bacterial contaminations [30]. Several properties of aptamers
make them attractive therapeutic agents and potential alternatives to
antibodies (Table 1). Some studies have shown that aptamers have
privileged characteristic over antibodies especially in the field of on-
cology. Aptamers do not have the Fc region which stimulates the im-
mune system in systemic administration. In addition, aptamers have
higher tumor penetration, retention and homogenous distribution
compared with antibodies [33,34]. Enhanced tumor penetration of
aptamers is related to their smaller size. Previous studies suggested
optimization of the size of antibodies to overcome poor penetration
[35]. Furthermore, with smaller size, aptamers can be attached to the
surface of nanoparticles with higher density without steric hindrance.
The attachment process of aptamers to the surface of nanoparticles is
more amenable and reproducible than antibodies [36,37]. Hence, re-
placement of antibodies by aptamers is a potential strategy to improve
tumor penetration of nanoparticles. Owing to these features, aptamers
are considered as promising ligands for active targeting purposes.

Despite the broad application of actively targeted nanoparticles in
research, only a handful of them have advanced to clinical trial stages

of development [38]. Currently, nanoparticles that are approved for
clinical use generally lack active targeting and work on the basis of
passive targeting. Clinical studies have shown that despite reduced
cytotoxicity of nanoparticle-encapsulated chemotherapeutic drugs, the
overall survival is not prolonged with such approaches compared to the
free drug [39,40].

As witnessed by many studies, liposomes are by far the most suc-
cessful type of nanoparticles used in drug delivery. They are well-in-
vestigated nanocarriers owing to their unique ability to entrap a diverse
range of hydrophilic and hydrophobic drugs. Liposomes are also bio-
compatible delivery systems with the capacity of self-assembly. The
characteristics of liposomes can be modified to achieve optimal biolo-
gical properties without losing their stability or function [41]. More-
over, aptamers are promising targeting ligands with optimal specificity
and selectivity. Here, we review the studies that have employed apta-
mers as targeting ligands in liposomal formulations and discuss the
methods used for the preparation of aptamer-functionalized liposomes
as well as the factors affecting the efficiency of aptamer coupling to
liposomes.

2. Conjugation strategies in aptamer-targeted liposomes

Conjugation of aptamers to the surface of liposomes can be achieved
through physical or chemical methods. Non-covalent attachment is
based on the electrostatic coupling of negatively charged aptamers to
positively charged liposomes. Such an electrostatic conjugation has
been frequently used with cationic liposomes, particularly for the de-
livery of nucleic acid-based molecules in gene delivery experiments
[42]. However, in many studies, even with cationic liposomes, covalent
attachment is the preferred method of linking. Covalent linkage pro-
vides a better stability of the formulation in the biological environment
and the detrimental effects of pH, temperature changes or presence of
other biomolecules are minimized [42,43]. For covalent linkage,
usually terminally modified aptamers are attached to the lipid chains or
free terminus of polyethylene glycol (PEG) chains (Fig. 1). The fol-
lowing sections summarize the two main methods that are widely
employed for covalent coupling of aptamers to the surface of liposomes,
i.e. membrane anchor method and post-insertion method.

2.1. Membrane anchor method (pre-conjugation strategy)

In the membrane anchor method, aptamers are incorporated into
liposome structure during the preparation process. Pre-conjugation is a
one-step procedure that facilitates the purification of liposomal for-
mulation [44]. The major drawback of pre-conjugation is the exposure
of aptamers to organic solvents. The secondary structure of aptamers
may be adversely affected by solvents used in the formulation proce-
dure [44]. In this method, a portion of the aptamer molecules is located

Table 1
Properties of aptamers versus monoclonal antibodies ([118–121]).

Monoclonal antibodies Aptamers

Binding affinity nanomolar to picomolar range nanomolar to picomolar range
Development Process Requires an immune response in animal model SELEX (Systematic evolution of ligands by exponential enrichment) process
Manufacturing Process In vivo production; Cell culture In vitro, Chemical synthesis
Cost of production Reasonably high and time consuming Inexpensive and take a few weeks
Reproducibility Little batch-to-batch variation Activity of antibodies varies from batch to batch
Modification Antibodies are typically conjugated with one type of

signaling or binding molecule
Wide variety of chemical modifications are introduced to diversify properties and
functions

Stability susceptible to high temperatures and pH changes;
irreversible denaturation

fairly stable at wide range of temperature; reversible denaturation

Immunogenicity Significant Immunogenicity No evidence of Immunogenicity
Structural diversity Higher chemical diversity as the building blocks of

antibodies are 20 different amino acids
Lower chemical diversity, as aptamers have only four building blocks (nucleotides).
However, their diversity can be increased by chemical modification

Size ∼150–170 kDa ∼12–30 kDa
Target Size ≥600 Da ≥60 Da
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in the inner surface of liposomes. It has been found that the presence of
ligands or lipid-PEG ligands in the inner phase of liposomes could limit
the internal space of liposomes and make liposomes susceptible to hy-
drolytic degradation [45]. Furthermore, internal aptamers could react
with encapsulated active agents like doxorubicin. Willis et al. attached
the NX213 aptamer to di(otadecyl)glycerol (DAG) and then DAG-
NX213 was incorporated into liposome structures (Fig. 2a). This in-
corporation significantly increased plasma residence time of aptamers
while the NX213 aptamers retained their inhibitory effect on VEGF-
induced angiogenesis. However, about one-third of the aptamers were
located inside the liposomes. Ribonuclease T1 digestion was used to
determine what portion of aptamers was incorporated in the inner
phase of liposomes [46]. Tan and colleagues conjugated 3′-thiol-

modified sgc8 aptamer to maleimide-terminated PEG-DSPE (MalPEG)
and constructed liposomes containing HSPC/cholesterol/mPEG-DSPE/
MalPEG-DSPE) through extrusion method (Fig. 2b). Aptamer conjuga-
tion enhanced the interaction of liposomes with the target cells [47]. In
two separate studies, liposomal formulations of doxorubicin and cis-
platin were functionalized using AS1411 aptamers. Aptamers were at-
tached to cholesterol and incorporated to liposomes using the mem-
brane anchor method [48,49].

2.2. Post-insertion method

The second method used for the covalent coupling of aptamers to
the surface of liposomes is post-insertion method (Fig. 2c). In this

Fig. 1. Schematics of aptamer attachment to PEGylated-liposomes. aptamers conjugated directly on the phospholipid headgroups of PEGylated liposomes (a); and
aptamers conjugated on the free terminus of PEGylated chains (b).

Fig. 2. Schematic representation of lipo-
some-anchored aptamers. It is clearly re-
presents a portion of aptamers are located
in the inner surface of liposomes (a);
Schematic illustration of the sgc8 aptamer
anchoring in liposome structure. In this
model the sgc8 aptamer covalently linked to
the liposome by PEG spacer (b) [47];
Schematic showing the incorporation pro-
cedure of DSPE-PEG-aptamer micelles in
liposomes structure by post-insertion
method (c). Reproduced with permission
(License code: 4366460801525).
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method, functional group-activated lipid chains react with aptamers
and the resulting unstable aptamer-modified lipid micelles are in-
cubated with pre-formed drug-loaded liposomes [50]. Post-insertion is
a simple method which provides efficient incorporation of targeting
ligands into liposomal membrane. This method is flexible and compa-
tible with a variety of ligands, thus allowing fabrication of different
combinational constructs [51].

3. Factors affecting the efficiency of aptamer-functionalized
liposomes

Different factors can affect the efficiency of aptamer-targeted lipo-
somes. Some factors are related to the environment such as pH, tem-
perature and biological enzymes. The effect of environmental factors
could be minimized by proper formulation of aptamer-targeted lipo-
somes. The following sections will discuss the parameters that must be
considered in aptamer-targeted liposome formulations.

3.1. Conjugation chemistry of aptamers and liposomes

Bonding via amino acid group and sulfhydryl group are the most
common linkage method that has been utilized for aptamer-lipid at-
tachment. Thiol-maleimide reaction is widely used for aptamer bio-
conjugation [43]. In this process, the SH-modified aptamer is con-
jugated to the mPEG-DSPE-maleimide. Succinimidyl ester-amine
reaction has also been used in many studies [43]. This process was
exploited to attach aptamers to the surface of polymeric nanoparticles
[52]. We have used this method for aptamer-liposome conjugation. In
this process, carboxyl group of PEGylated-1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine (PEG-DSPE-COOH) is first activated by N-hy-
droxysuccinimide (NHS) in the presence of ethyl(dimethylamino-
propyl) carbodiimide (EDC). Then, activated carboxylate is incubated
with amine-modified aptamer [53]. In some studies, carboxylate-mod-
ified aptamer has been used to bind to PEG-DSPE-NH2 micelles. Both
methods have appropriate binding efficiency and stability. Farokhzad
et al. have addressed a potential problem of SH-modified aptamer,
which is oxidation of thiol groups and disulfide bond created between
aptamers [43]. Reducing agents such as tris (2-carboxyethyl) phosphine
(TCEP) can prevent oxidation during the reaction process. They also
mentioned that in succinimidyl ester-amine reaction, a small amount of
unreacted carboxylate always remains on the surface of liposomes that
reduces the zeta potential of liposomes. This phenomenon is supposed
to be a potential advantage in cationic liposomes because it prevents
non-specific reactions between negatively charged aptamers and lipo-
some surface [43]. Another approach was proposed by Li et al. who
attached the carboxyl group of anti-EGFR aptamer to the amine group
of chitosan using the EDC/NHS technique; afterwards, the aptamer-
chitosan conjugate was anchored into the liposome membrane [54].

3.2. The spacer structure

The attachment of aptamers to the surface of liposomes is usually
performed via a spacer. A spacer located between aptamers and surfaces
of liposomes is usually required to facilitate aptamer-lipid attachment
and minimize interference from the liposome that might compromise
the ligand recognition by aptamers. Different spacers have been
exploited such as hydrocarbons, nucleotide tails or PEGs. Spacers are
different in size and hydrophobicity. The length of spacer must be long
enough to prevent liposome interference with aptamer binding.
Hydrophilicity of spacers impacts on membrane diffusion of nano-
particles and their stability in blood circulation and should be carefully
adjusted [55]. Kokkoli and coworkers studied how the varying prop-
erties of spacers affect the binding of the aptamer to the amphiphile
moiety [56]. They showed nucleotide spacers allowed the highest ef-
ficiency in binding of aptamers to their target cells. PEG spacer was in
the second place. Hydrocarbon chains and aptamer-lipid conjugate

without spacer unit had the lowest cytotoxicity. It was also shown that
the effect of spacer depends on the reaction medium because the pre-
sence of different ions or other substances may change the structure of
aptamers. More recently, the effect of length and type of spacer on the
targeting efficiency of aptamer-targeted liposomal doxorubicin was
investigated. The results showed how the length of oligoT (thymine)
spacer alters the interaction between AS1411 aptamer and backfilled
PEG on the surface of liposomes [57]. Importantly, the obtained data
demonstrated that to achieve the best targeting effect, aptamers should
be fully exposed on the surface of liposomes and the shielding effect of
PEG chains should be minimized [57]. Dai et al. also revealed that to
evade shielding effect of PEG, the length of backfilled PEG on the
surface of liposomes must be less than the length of the spacer [58]. As
a strategy, PEG chains were recruited as the spacer and this sig-
nificantly reduced the PEG interference [53,59,60]. Baek and cow-
orkers used a tethering linker DNA to attach RNA aptamer to PEG
chain. In this method, RNA aptamer was fully exposed on the surface of
liposomes [61]. Spivak et al. showed that an increase in binding effi-
ciency is due to the correct orientation of aptamers as aptamers are
moved away from the surface of liposomes [62]. Spacers allow apta-
mers to be displayed on the surface of liposomes such that aptamers are
accessible to their receptors. It seems reasonable to assume that the
length of spacers, rather than their structure, is more critical to achieve
the best targeting effect.

3.3. Aptamer characteristics

The function of aptamers is directly dependent on their structures.
Folding into a unique structure, including stem and loop, has a pivotal
role in target recognition of aptamers. The binding sites of aptamers can
be determined by secondary structure prediction. Any disruption of the
structure of aptamers lowers aptamer binding affinity [63]. Aptamer-
target interactions are mediated by hydrophilic bindings that include
hydrogen bonding as well as polar and electrostatic interactions. Some
investigations attempted to use modified nucleotide libraries to provide
additional hydrophobic interactions between aptamers and proteins
[64–66].

A significant characteristic of highly specific aptamers is the pre-
sence of guanine-rich sequence in their structure. Aptamers that form
guanine-quadruplex (G-quadruplex) in their structure have potential
advantages for targeted delivery. G-quadruplex structures are highly
resistant to serum nucleases and have higher thermal stability. Thus,
they enhance stability and cellular uptake of aptamers. Moreover, ap-
tamers containing G-quadrapelx have more affinity to their targets
[67,68]. Methods of improving aptamers’ affinity have been compre-
hensively reviewed by Hasegawa et al. [69].

Chemical modification of aptamers increases their stability and ef-
ficiency. Nuclease degradation is the first challenge that aptamers face
in vivo. This challenge can be overcome by chemical modification of
aptamer structure. Modification of natural nucleotides (i.e. 2′-OCH3, 2′-
NH2 or 2′flouropyrimidine), substituting natural nucleotides with hy-
drocarbon linkers or capping terminal ends of aptamers are some che-
mical techniques that have been suggested [43]. Chemical stability of
aptamers also limits the effect of environmental factors (temperature,
pH and ionic strength) on the binding of aptamers to their targets [70].

How the length of aptamers influences their affinity is a con-
troversial issue. The binding affinity of aptamers to their targets is
strongly impacted by loop regions of the structure. After SELEX, the
length of aptamers should be shortened by laborious strategies such as
mapping or footprinting analysis. Keeping the loop sequence is neces-
sary to save aptamer's binding ability [71,72]. Smaller aptamers may
lose their affinity to target after direct attachment to the surface of
nanoparticles. One explanation is that immobilized aptamers are not
able to fold and create the second structure, thus they cannot bind to
their target. Recruiting a spacer is highly recommended to help re-
taining aptamers' structure and properties. In addition, longer aptamers
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can create more complex loop structures and possess more binding sites
but, on the other hand, aptamer size may exert a considerable influence
on the pharmacokinetic of the functionalized liposome. Surface func-
tionalization alters the size and charge of liposomes, which in turn
changes their pharmacokinetic characteristics. Although aptamers have
a smaller size than proteins, the rigid chain in their structure makes
their size similar to that of proteins [44,73]. In that regard, our in vivo
experiments have shown the impact of the size of aptamers on the
pharmacokinetic properties of liposomes [53,59]. A study on antibodies
revealed that the size and affinity of antibodies alter the diffusion and
penetration of nanoparticles to the tumor tissue [74]. This concept can
also be applied to aptamers. However, it is generally accepted that there
are many advantages to minimize the length of aptamers [75,76]. A
direct benefit of minimizing the length of aptamers could be the lower
cost of producing shorter aptamers. Surveying the literature to identify
the effect of length on targeting efficiency of liposome-aptamer con-
jugates leads to a controversial conclusion, which indicates the role of
length is likely interrelated with other parameters. Various studies have
shown that trimming aptamers could enhance their binding affinity,
reduce the risk of immunological reactions and extensively reduce the
production cost of aptamers [76–80].

3.4. Surface density of aptamers

The number of attached aptamers changes the surface charge of
liposomes. Gu et al. showed that the surface density of aptamers in-
fluences the tumor penetration of nanoparticles and should be opti-
mized [81]. An excessive amount of aptamers may mask PEG chains on
the surface of liposomes, reduce the surface charge and prevent effi-
cient cellular uptake [73]. Utilizing multivalent aptamers instead of
monovalent aptamers reduces the number of aptamers needed for tar-
geted delivery and could improve the binding efficiency of aptamers
[31].

4. Aptamer-mediated targeted delivery of liposomes

The ultimate aim of functionalization of liposomes by aptamers (or
any targeting ligand in a general sense) is achieving a delivery system
which (a) accumulates in tumor cells with high specificity and effi-
ciency, (b) has no toxic effect on other organs, and (c) lacks adverse
effects on the pharmacokinetic of liposomes.

In most of the studies, aptamer-functionalized liposomes have been
shown to work perfectly in selective delivery in vitro (Fig. 3a and b).
Aptamers effectively enhance the uptake of liposomes which is the
consequence of receptor-mediated endocytosis. It is well understood
that aptamer-targeted nanoparticles are internalized into the cell via
receptor-mediated endocytosis. Briefly, binding of aptamers to their
receptor triggers cell signaling cascades that culminate in engulfment
and internalization of liposomes. Then, internalized liposomes fuse with
early endosomes. Early endosomes differentiate into late endosomes,
which can either fuse with the cell membrane or with lysosomes and
form endolysosomes. In endolysosomes, hydrolytic enzymes and pH
change lead to the release of drugs [52,82]. The mechanism of in-
tracellular delivery of nanoparticles has been discussed in detail by
Chou and co-workers [83]. Behzadi et al. also published a compre-
hensive review about the cellular uptake of nanoparticles and the effect
of different parameters that control the nanoparticle-cell interactions
[84].

The effect of aptamers on the biological fate of liposomes is a con-
troversial issue. There is no direct correlation between in vitro and in
vivo results. Similarly, Rudnick et al. reported that higher affinity to
target does not necessarily improve tumor penetration of antibodies
[74]. One possible explanation might be that higher affinity leads to
tight binding of antibodies to their targets that would not allow deep
penetration in the tumor tissue. This finding can be generalized to other
targeting ligands like aptamers. Aptamer attachment changes size,
surface charge and hydrophilicity of liposomes. Consequently, aptamer-
targeted liposomes may have a different biodistribution compared with
non-targeted liposomes [34]. A common problem in aptamer-liposome
systems is their rapid elimination from systemic circulation because of
their negative charge and corresponding rapid clearance. In 2011,
Laurent and coworkers suggested that surrounding of actively targeted
nanoparticles by serum proteins is an important factor that can explain
the inconsistency of the in vitro and in vivo results. They assumed ac-
tively targeted nanoparticles are covered by protein corona upon their
entrance to the blood circulation that leads to mistargeting [85]. Sub-
sequently, further studies showed how corona formation reduces tar-
geting capability of ligand-targeted nanoparticles [86–88]. Varnam-
khasti et al. showed that at the presence of bovine serum albumin, the
targeting efficacy of MUC1 aptamer-functionalized SN-38 is reduced.
Their results indicated that there was no difference between the cyto-
toxicity of targeted and non-targeted SN-38 when they were treated

Fig. 3. The uptake of various aptamer functionalized liposomes by their target cells. Histogam of the alteration in cellular uptake of liposome at presence and absence
of aptamers. Target cells were treated with different free drug, encapsulated drug in non-targeted liposomes and encapsulated drug in aptamer-targeted liposomes for
1, 3 and 6 h of incubation at either 37 °C or 4 °C. Then, the cells were lysed and percent of drug associated with cells was measured (a) [53]; Flow cytometry results
indicate the uptake of various concentration of targeted liposomes in target cell line (b); compared with control cell line (c) after 30min incubation with sgc8-
targeted liposomes and non-targeted liposomes. The black= control cells without liposomes, the skyblue= 500 nM liposomes, and the green=500 nM liposome
without aptamer [47]. Reproduced with permission (License codes: 4366461502590 and 4366460801525). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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with bovine serum albumin before experiments [89]. To mimic phy-
siological conditions, Ding and colleagues investigated the effect of
human blood serum on targeting efficacy and release profile of ap-
tamer-functionalized gold nanoparticles. They found that adsorption of
proteins on the surface of aptamer-targeted nanoparticles, which could
induce immune response, resulted in increased clearance rate of na-
noparticles. They also showed that the effect of protein aggregation on
the surface of nanoparticles is more critical in smaller nanoparticles
[90].

In our studies, aptamer attachment increased the uptake of lipo-
somes by liver and spleen [53,59]. Nevertheless, some studies reported
an increase in the circulation time of liposomes after aptamer con-
jugation [91]. It is supposed that the negative charge of aptamer-lipo-
some conjugates prevents the interaction of liposomes with negatively
charged immune cells. The effect of the attached aptamer on the
pharmacokinetic profile of liposomes could be minimized by employing
a truncated version of aptamers. As mentioned before, it seems that the
smaller aptamers have less effects on zeta potential and pharmacoki-
netic properties of liposomes [53,59]. Perschbacher and co-workers
addressed how guanosine-rich structures impact on the pharmacoki-
netic profile of aptamers by affecting penetration through endothelial
barriers and tissue uptake [92].

According to our findings, tumor accumulation was not affected by
a decrease in half-life of aptamer-functionalized liposomes. In other
words, the positive impact of aptamers on tumor accumulation of li-
posomes was more than the negative impact of them on half-life (Fig. 4a
and b). Pharmacokinetic analysis showed that selective delivery of
doxorubicin in aptamer-liposome conjugates was higher than non-tar-
geted liposomes. Increased tumor accumulation and better cell inter-
nalization resulted in extended survival in vivo [53,59].

Findings by different groups suggest that aptamer functionalization
enhances tumor accumulation of liposomes irrespective of any changes
in pharmacokinetic parameters. Tumor growth is decelerated whether
clearance is decreased or increased (Fig. 4c). It seems that the effect on
tumor accumulation enhancement has a more important role in the
efficacy of active targeting compared with clearance or half-life changes
[42,48,53,59,61,91,93]. This apparent paradox could be explained by
the mechanism of delivery of liposomes at the tissue and cellular level.
At the tissue level, liposomes accumulate in the tumor by the EPR effect
and targeting by aptamers does not facilitate this step. After tissue ac-
cumulation, targeted liposomes are able to enter the cells via ligand-

mediated internalization. In other words, enhanced internalization
leads to the release of the drug near to its site of action and increases
antitumor efficacy of the drug [94]. Surveying in vivo experiments re-
veals that internalization of aptamer-targeted liposomes plays a critical
role in improving the anti-tumor efficacy of the encapsulated drug [95].
It seems that one of the major pitfalls of aptamer-liposome conjugates
relates to the fact that aptamers do not improve overall tumor pene-
tration of liposomes. The poor tumor penetration can significantly re-
duce targeting efficiency of formulations. High tumor density, high
interstitial fluid pressure and dense tumor matrix significantly reduce
deep tumor penetration [1]. In animal models, solid tumors grow fast
and most of the barriers are less effective; therefore, it is difficult to
extrapolate animal data to humans for predicting the therapeutic effi-
cacy of formulations [1,96]. Hence, finding a suitable model is neces-
sary to evaluate the efficacy of these systems. Given the findings by
various groups discussed above, it appears that despite alteration of the
pharmacokinetic profile of liposomes and poor tumor accumulation or
penetration, aptamer-targeted liposomes reduce tumor size of animal
models more efficiently than non-targeted liposomes. As Storm et al.
mentioned, active targeting of liposomes may increase their retention
time in tumors and prevent them from rapid re-entry to the systemic
circulation [1]. By this way, aptamer-targeted liposomes remain longer
in the tumor space leading to enhanced anti-tumor efficacy compared
with non-targeted liposomes.

In the last few decades, many aptamers have been developed to
recognize cancer-specific biomarkers. Some developed aptamers
against cancer biomarkers are summarized in Table 2. In the following
sections, we review aptamer-functionalized liposomal systems with an
emphasis on the receptors targeted on the surface of cancer cells or
related tissues.

4.1. Protein tyrosine kinase 7 (PTK7)

Protein tyrosine kinase 7 (PTK7) is a transmembrane receptor
highly expressed on human acute lymphoblastic leukemia cells (CEM).
Tan et al. utilized scg8 aptamer for the delivery of liposomes loaded
with fluorescein-dextran as a drug mimic. 3′-thiol-modified sgc8 ap-
tamer was attached to maleimide-functionalized lipid chain. The study
showed that attachment of scg8 aptamer to the surface of liposomes
significantly increased the uptake of liposomes into CEM cells [47].

Fig. 4. In vivo tumor penetration study. Fluorescence microscope images of MCF-7 tumor sections shows tumor penetration of liposomal Doxorubicin decorated by
AS1411 aptamer or non-aptameric DNA sequence (a&b) [48]; The graph shows the tumor growth rate after intravenous injection of aptamer-targeted liposomes in
balb/c mice in comparison with non-targeted liposomes and control group (c) [53]. Reproduced with permission (License codes: 4366460472886 and
4366461502590).
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4.2. E-selectin

E-selectin is a protein expressed by inflamed endothelial cells and
plays an important role in the adhesion of tumor cells to the vascular
endothelium [97]. Mann et al. linked E-selectin-specific thiolated ap-
tamer (ESTA) to fluorescein-encapsulated liposomes. In vivo studies
have revealed that the tumor accumulation in the group receiving
targeted liposomes was higher than that in the non-targeted liposome
group. Pharmacokinetic analysis showed that both groups had the same
volume of distribution (Vd), while aptamer-functionalized liposomes
had slower clearance rate and slightly extended circulation half-time
[91].

4.3. CD44 protein

CD44 receptor protein is overexpressed by many tumors and is one
of the most common cancer stem cell surface markers. It plays an im-
portant role in the invasion of tumor cells which makes it an attractive
receptor for therapeutic targeting [98]. Alshaer et al. designed CD44
RNA aptamer (apt1) and attached it to the surface of liposome. They
showed aptamer-conjugated liposomes had higher selectivity to
CD44 + cell line compared with non-targeted liposomes. Apt1 was at-
tached to the surface of liposomes via thiol-maleimide reaction [98,99].

4.4. Prostate-specific membrane antigen

Prostate-specific membrane antigen (PSMA) is a well-characterized
membrane protein that is overexpressed on the surface of prostate
cancer cells [31]. PSMA is widely used as a target of drug delivery
systems. Lupold et al. selected A9 and A10 RNA aptamers using in vitro

SELEX against PSMA [100]. xPSM-A9 is a PSMA-specific RNA aptamer
that was used for targeted delivery of liposomes by Baek et al. xPSM-A9
was attached to the surface of liposomes containing rhodamine or
doxorubicin. The results revealed that xPSM-A9 significantly increased
cellular uptake of liposomes in a PSMA-positive cell line. The in vivo
experiments showed that aptamer functionalization increases tumor
accumulation of liposomes and decelerates tumor growth over time
compared with non-targeted liposomes [61]. PSMA-specific aptamer-
liposome conjugates have also been proposed for the delivery of
radioactive actinium (225Ac) in antivascular radiotherapy [101].
Stuart et al. reported the targeting of zinc chelator-laden liposomes by
SZTI01 aptamer. SZTI01 targets PSMA. Zinc chelator N,N,N′,N′-tetrakis
(2-pyridylmethyl)-ethylenediamine (TPEN) action leads to unbalancing
oxygen species, thereby inducing cell death. The results revealed that
aptamer targeting reduced tumor growth in mice with human prostate
cancer xenograft [93].

4.5. Nucleolin protein

Nucleolin is a multifunctional protein which is overexpressed in
many types of tumor cells [102]. Nucleolin plays a central role in an-
giogenesis in tumor cells and inhibits apoptosis. The most advanced
aptamer in target delivery and cancer treatment is the nucleolin-specific
aptamer AS1411. AS1411 is a 26-mer G-rich DNA aptamer which in-
hibits cell proliferation in a wide range of cancers [103,104]. AS1411 is
the first anti-cancer aptamer that had reached clinical stage evaluation
[103]. Lu and coworkers in 2009 incorporated AS1411-cholesterol into
liposome membrane to enhance the delivery of cisplatin. AS1411-li-
posomes showed higher cytotoxicity compared to non-targeted lipo-
somes. They Authors also treated nucleolin-expressing MCF7 cells with

Table 2
Aptamers targeting cancer biomarkers.
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liposomes containing calcein as a fluorescent dye with and without
AS1411 targeting. MCF7 cells treated with AS1411-liposomes showed a
strong fluorescent signal compared to non-targeted liposomes or non-
expressing AS1411 cells [49]. They further explored the impact of
AS1411 aptamer in target delivery of liposomal doxorubicin. The re-
sults showed that AS1411 significantly increased cell internalization. In
addition, antitumor efficiency of liposomes was improved in the mouse
model [48]. Sung et al. designed thermosensitive liposomes functio-
nalized with AS1411 aptamer to overcome slow drug release from li-
posomes. AS1411 was attached to the surface of liposomes containing
doxorubicin and ammonium bicarbonate as a thermoresponsive trigger.
It was found that cytotoxicity was increased after treatment of cells
with AS1411-coupled liposomes followed by hyperthermia. Moreover,
a better result was achieved in mice at 42 °C compared to 37 °C [105].
Du et al. also employed AS1411 aptamer for targeted delivery of
thermosensitive docetaxel-loaded liposomes. They used dual aptamer
targeting by AS1411 and S2.2 aptamers against nucleolin and MUC1
receptors. They also coated the surface of liposomes with gold nano-
shells. Their results exhibited higher tumor accumulation while in other
organs concentration of docetaxel was reduced [106]. Similarly, the use
of AS1411-coupled thermosensitive liposomes for magnetic resonance
imaging in cancer diagnosis was clearly demonstrated [107]. Yung and
coworkers employed an AS1411 aptamer-liposome conjugate for the
delivery of anti-BRAF siRNA (siBraf) for the treatment of melanoma
[42]. They reported strong silencing of BRAF gene and inhibition of
melanoma growth in xenografted mice.

4.6. Transferrin receptor

The transferrin receptor is another receptor that is upregulated on
the surface of many cancer cells and is widely studied in targeted de-
livery to the tumor tissue [108]. Wilner and coworkers designed RNA
aptamers against transferrin and used it for targeted delivery of siRNA-
containing liposomes. 1,2-dilinoleyloxy-N,N-dimethyl-3-aminopropane
(DLinDMA) was used as a positively charged lipid in the formulation.
SH-modified aptamer was attached to DSPE-PEG-maleimide via thiol-
maleimide conjugation. The results showed that aptamer targeting
improved cellular uptake of liposomes and improved gene knockdown
efficiency [109].

4.7. Epidermal growth factor receptor (EGFR)

Epidermal growth factor receptor (EGFR) is overexpressed in many
solid cancers and the activation of EGFR is associated with cell pro-
liferation, invasion, metastasis, angiogenesis and decreased apoptosis in
malignant cancers [110]. Li and coworkers appended anti-EGFR ap-
tamer on the surface of liposomes containing erlotinib via aptamer-
chitosan anchoring. Aptamer conjugation enhanced cytotoxicity of li-
posomes compared with non-targeted counterparts in a lung cancer cell
line [54].

4.8. Others

In some studies, aptamers obtained from whole cell-based SELEX
process were used for targeted delivery. In cell-based SELEX, aptamers
interact with cell surface receptors in living cells. Sometimes the aim of
cell-SELEX is to obtain an aptamer against highly expressed receptors.
However, in other cases aptamers are selected against a specific cell line
with no particular surface receptor in mind [31]. Harashima and col-
leagues reported AraHH001 DNA aptamer-modified PEGylated lipo-
somal rhodamine for targeted delivery toward tumor vasculature. Ap-
tamer-modified liposomes showed a high selectivity for tumor vascular
cells without binding to healthy cells in vitro. The mentioned liposomes
also showed increased tumor vasculature accumulation in vivo [111].

Liu et al. exploited IL-4Rα aptamer-liposome to overcome tumor
microenvironment and deliver CpG to tumor cells [112]. As expected,

targeting liposomes by IL-4Rα aptamer improved cellular uptake of li-
posomes and distribution of liposomes in the tumor tissue. In mice
bearing CT26 tumor, IL-4Rα aptamer enhanced anti-tumor efficiency of
liposome-CpG and reduced tumor growth.

5. Future perspectives and conclusion

SELEX method was developed 28 years ago for isolating aptamers as
targeting agents [32,113]. Since then, aptamers have gained increasing
utility in active targeting of nanoparticles. The first FDA-approved ap-
tamer is pegaptanib (Macugen®) that is a 27-nucleotide RNA aptamer.
Pegaptanib is used to treat age-related macular degeneration [114].
Some therapeutic aptamers for hemostasis and diabetes mellitus have
also entered the clinical trial phase. AS1411 and Sgc8 aptamers are
undergoing clinical trials for cancer treatment [115,116]. These apta-
mers have been described in previous sections. As mentioned before,
AS1411 and Scg8 are short-length aptamers and may have less inter-
ference with the surface characteristics of nanoparticles.

The high manufacturing cost of aptamers is a notable limitation in
the development of aptamer-functionalized liposomes. Another issue is
that monoclonal antibodies have a well-established setup technology in
many laboratories; thus, many researchers prefer to work on antibodies.
However, aptamer synthesis technology is improving and patents re-
lated to aptamers will expire in the following years [73]. Thus, it could
be expected that manufacturing costs fall and many companies invest in
aptamer technology.

We expect that future efforts in the field of aptamer-liposome con-
jugates will be centered on choosing suitable aptamers as targeting li-
gands. In addition, optimization of aptamers by either advanced SELEX
selection methods against targeting agents or new screening techniques
can improve the target efficiency of aptamers. In parallel to the de-
velopment of new aptamers, the effect of tumor microenvironment
should be carefully probed. Most of the in vivo experiments have used
single dose regimens and it could be assumed that most of the injected
aptamer-liposomes cannot reach their site of action and penetrate
tumor tissue efficiently. In multiple-dose regimens, larger doses may
penetrate farther in tumor tissue. This is because in multiple-dose ad-
ministration, there is a continuous efflux from the surrounding tissue
into tumor [117]. We suggest that using a multiple-dose regimen may
overcome the high-density barrier of the tumor and enhance tumor
penetration.

In spite of the challenges, the potential of aptamer-targeted lipo-
somes as cancer-targeted drug delivery systems could lead to the design
of targeted delivery systems with more predictable clinical behavior.
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